vide protection from local damage resulting from release or discharge of injurious or proinflammatory contents (14, 15) . We have also shown that, in addition to its proposed role in removing cells before they undergo lysis, in vitro ingestion of apoptotic cells actively suppressed production of proinflammatory growth factors, cytokines, chemokines (e.g., GM-CSF, MIP 2 , IL-1α, KC, IL-8, and TNF-α), and eicosanoids (16, 17) . This downregulation of proinflammatory mediators in response to apoptotic cells has been shown in human monocyte-derived macrophages, murine macrophage cell lines (RAW264.7 and J774), and bone marrow-derived macrophages, as well as fibroblasts and mammary epithelial cells (4, 16, 17) . The suppressive effect was largely (but not exclusively) inhibited by TGF-β1 neutralizing antibodies and reproduced by exogenous TGF-β1, implicating a major role for this anti-inflammatory agent in the reduction of these proinflammatory mediators.
The TGF-β family consists of closely related isoforms (TGF-β1, -β2, and -β3 in mammals) that are potent multifunctional regulating factors modulating diverse cellular activities (18) (19) (20) . TGF-β1 causes growth inhibition and differentiation of many cell types, regulation of immune and inflammatory response (21) , and modulation of wound healing, ECM deposition (22) , and cellular adhesion and migration (23) . Most cells can express TGF-β and its receptors. TGF-β1 is secreted as a homodimer noncovalently bound to latency-associated peptide (LAP) (24) ; TGF-LAP may complex to latent TGF-β-binding protein-1 (LTBP-1) via disulfide bonds (25, 26) . The active molecule needs to be released from LAP to become active and interact with its receptors, and a wide variety of activating processes have been described in vitro and in vivo (27, 28) .
The potential anti-inflammatory effect of recognition and uptake of apoptotic cells may explain the quiet, noninflammatory nature of apoptotic cell removal during development and tissue remodeling. We have also questioned whether it is involved in the resolution of ongoing inflammatory responses, wherein apoptosis of inflammatory cells in the lesion (in particular, the short-lived neutrophils) leads to their removal by incoming mononuclear phagocytes (16) , and consequent production of anti-inflammatory mediators such as TGF-β. To explore this hypothesis, deliberate instillation of apoptotic cells into sites of local inflammation in the lungs and peritonea was undertaken. Increased production of TGF-β as well as enhanced resolution of the inflammation was the result. Furthermore, the experiments suggested a major role for the PSR in the TGF-β production, which could be reproduced by instillation of PS-containing liposomes as well as of PS-expressing apoptotic cells.
Methods
Reagents. DMEM, RPMI 1640, HBSS, and PBS were purchased from Cellgro Mediatech Inc. (Herndon, Virginia, USA); X-vivo 10 medium was obtained from BioWhittaker Inc. (Walkersville, Maryland, USA); endotoxin-free FCS was from HyClone Laboratories (Logan, Utah, USA). LPS (from Escherichia coli 0111:B4) was from List Biological Laboratories (Campbell, California, USA); Brewer Thioglycollate Medium was from Difco Laboratories (Detroit, Michigan, USA); cycloheximide, PMSF, Avertin (2,2,2-tribromoethanol), and tert-amyl alcohol were from Sigma-Aldrich Company (St. Louis, Missouri, USA); Nonidet P-40 10% (NP-40) was from Boehringer Mannheim GmbH (Mannheim, Germany). Polystyrene flasks and plates for tissue culture were from Becton Dickinson Labware (Franklin Lakes, New Jersey, USA). Chicken anti-rhTGF-β1 IgY was obtained from R&D Systems Inc. (Minneapolis, Minnesota, USA); Alexa 488 fluorescent-labeled goat anti-chicken IgG was from Molecular Probes Inc. (Eugene, Oregon, USA); mouse anti-human CD45 IgG1 and rat anti-mouse monoclonal anti-CD16/32 IgG2b were from Pharmingen (San Diego, California, USA). Brain PS and bovine liver L-α-lecithin-phosphatidylcholine were obtained from Avanti Polar Lipids Inc. (Alabaster, Alabama, USA). Paraformaldehyde was obtained from Electron Microscopy Sciences (Fort Washington, Pennsylvania, USA). Popper animal feeding needles (22G, 1.5 in.) were obtained from Fisher Scientific Co. (Pittsburgh, Pennsylvania, USA). Normal saline (NS) and pentobarbital were from Abbott Laboratories (North Chicago, Illinois, USA).
Cells. Human T lymphocyte Jurkat cells were obtained from the American Type Culture Collection (Manassas, Virginia, USA), and human monomyelocyte PLB-985 cells were a gift from Christina Leslie (29) . Cells were cultured in RPMI containing heat inactivated 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin at 37°C, 5% CO 2 . Apoptosis was induced by ultraviolet irradiation (245 nm) of Jurkat T cells for 10 minutes and PLB-985 cells for 5 minute. Cells were incubated 2-4 hours and used at 60-80% apoptosis (assessed morphologically by light microscopy of stained cytocentrifuged cells). Two hours after ultraviolet irradation, Jurkat T cells were opsonized by incubation with mouse anti-human CD45 IgG1 (1 µg/million Jurkats) for 30 minutes at 4°C.
Animals. ICR mice (8-10 weeks old, 25-30 g) were obtained from Harlan (Indianapolis, Indiana, USA). Females were used for peritoneal lavage, while both males and females were used for lung lavage. To induce peritoneal inflammation and harvest elicited macrophages, mice were stimulated with 1.5 ml of intraperitoneal thioglycollate and harvested as described (30) . For pulmonary inflammatory responses, animals were sedated with 0.3 ml intraperitoneal Avertin (20 mg/ml). LPS (20 µg in 100 µl NS) was instilled within 20 minutes, using a feeding needle inserted endotracheally above the carina (approximately 0.75 in. deep). The position was confirmed by respiratory fluctuation.
In vitro peritoneal macrophage assays. After 3 days, the mice were sacrificed by CO 2 asphyxiation, and their peritonea were lavaged with 8 ml HBSS at 4°C. Cells were pelleted at 250 g (10 minutes, 4°C) and resuspended in DMEM at 1 × 10 6 cells per milliliter. The cells were plated at 3 × 10 6 macrophages per well in six-well polystyrene tissue culture plates and allowed to adhere for 30 minutes at 37°C. Nonadherent cells were washed off with DMEM and remaining macrophages were cultured in 1-2 ml serum-free X-vivo 10 for experiments. Jurkat T cells were added at a ratio of three per macrophage; supernatants were harvested at 1-18 hours after cell addition and stored at -70°C.
In vivo assays. 40 × 10 6 viable or apoptotic cells in 1 ml HBSS were injected into naive peritonea or peritonea stimulated with thioglycollate for 3 days. After 0.5-4 hours of incubation, the peritoneum was lavaged; the cell pellets and supernatants were stored at -70°C for ELISA assays. Peritoneal cells were lysed with 0.5% NP-40/1 mM PMSF/PBS 1× for 10 minutes at 4°C immediately prior to assay of TGF-β1 by ELISA. In the lungs, 18 × 10 6 to 20 × 10 6 cells in 100 µl HBSS were instilled endotracheally after 36-48 hours of LPS stimulation. At 1-2 hours after cell instillation, the animals were sacrificed with 10 mg intraperitoneal pentobarbital and bronchoalveolar lavage (BAL) was carried out with 3 ml HBSS. For the delayed assays, cells were instilled 24 hours after LPS, and 3 ml BALF was obtained at 1, 3, or 5 days after cell instillation. Cell counts and differentials were determined by light microscopy and the supernatant stored at -70°C and assayed for cytokines and chemokines by ELISA. For anti-TGF-β1 antibody inhibition experiments, 50 µl of goat anti-hrTGF-β1 IgG (200 µg/ml; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) or normal goat IgG (200 µg/ml, Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA) was coinstilled with 20 × 10 6 apoptotic Jurkat T cells in 100 µl HBSS, or 100 µl HBSS alone.
Lung histology. After lavage, the lungs were fixed with 1 ml of 4% paraformaldehyde/PBS at 4°C for 4 hours, and embedded in paraffin. Paraffinized lung sections were placed on a 60°C heating block for 5-10 minutes and twice for 5 minutes in xylenes, followed by 100%, 95%, and 70% ethanol, and deionized H20 for twice for 5 minutes. Slides were then stained with hematoxylin and eosin (H&E).
ELISA. TGF-β1, mTNF-α, KC, mMIP 2 , mouse monocyte chemoattractant protein-1 (mMCP-1), and mIL-10 levels were measured by ELISA. Assays for TGF-β1, mTNF-α, mMIP 2 , and mIL-10 were prepared from R&D Systems Inc. reagents (TGF-β1: coating Ab MAB1835, detection Ab BAF240; mTNF-α: coating Ab 1221-00, detection Ab BAF410; mMIP 2 : coating Ab MAB452, detection Ab BAF452; and mIL-10: coating Ab MAB417, detection Ab BAF417). mMCP-1 ELISA was prepared from Pharmingen Mouse MCP-1 OPTEIA reagents. Quantikine M Mouse KC Immunoassay (R&D Systems Inc.) was used to quantitate KC as directed by the manufacturer. Since the ELISA assay measures only active TGF-β1, active TGF-β1 was determined by directly measuring lavage fluids while total TGF-β1 was measured after preactivation with acidification to pH 2-3 for 60 minutes, and corrected to pH 6.5-7.5 prior to the ELISA assay. Color development was assessed using the microplate autoreader (EL309) by Bio-Tek Instruments (Winooski, Vermont, USA). Data were analyzed using a log/log curve fit option from Delta Soft 3 ELISA analysis software for the Macintosh (BioMetallics Inc., Princeton, New Jersey, USA).
Immunohistochemistry. Cell suspensions or cell culture on glass coverslips were fixed with 2% paraformaldehyde/30% sucrose in PBS for 30 minutes at 37°C. Cells were permeabilized with 0.02% Tween-20 for 15 minutes at room temperature (RT) and Fc receptors blocked with rat anti-mouse CD16/CD32 IgG2b overnight at 4°C. Cells were stained with chicken anti-rhTGF-β1 IgY for 1 hour at RT, and then goat anti-chicken IgG Alexa 488 for 30 minutes at RT.
Liposomes. PS liposomes consisted of phosphatidylserine and phatidylcholine (PC). Phospholipids in chloroform/methanol (90:10) were dried under N 2 , resuspended in PBS, and sonicated for 3 minutes at 4°C. Liposomes (250 µM total lipid in 100 µl PBS per mouse) were instilled endotracheally. Phospholipid transfer to insert PS into cell membranes was carried out as previously described (31) . The same liposomes as described above were used at 10 µM total lipids/10 6 cells. PS/PC or PC/PC liposomes were incubated with 40 × 10 6 PLB-985 cells in 6 ml PBS once for 30 minutes at 37°C. Cells were used immediately after washing with PBS and resuspending at 40 × 10 6 cells in 1 ml PBS per mouse.
Statistical analysis. ANOVA with Tukey-Kramer and Dunnett tests honestly significant difference was carried out using JMP software (SAS Institute Inc., Cary, North Carolina, USA).
Results
TGF-β1 production in macrophages harvested from inflamed sites. Macrophages lavaged from naive lungs and peritonea contained minimal TGF-β1 when detected with goat anti-TGF-β1 antibody, followed by fluorescent secondary donkey anti-goat IgG-FITC, and examined by confocal microscopy. After an inflammatory state was created at these sites (by instillation of either LPS
Figure 1
TGF-β1 detection in fresh lavage. (a-f) Freshly harvested cells were stained with chicken anti-hTGF-β1 IgY, followed by goat anti-chicken IgG Alexa 488. High levels of TGF-β1 were detected in (a) thioglycollate-elicited peritoneal (3 days old) and (b) LPS-elicited alveolar (2 days old) macrophages, but not in (c) resident peritoneal macrophages, (d) resident alveolar macrophages, or thioglycollate-elicited peritoneal macrophages (TPMφ's) with (e) secondary antibody alone and (f) with isotype control. (g) Lavage supernatants from resident (unstimulated) lungs or peritonea had small amounts of TGF-β1, while LPS-stimulated lungs and thioglycollate-stimulated peritonea had high levels of TGF-β1 upon harvest. *P < 0.05, n ≥ 8, ± SD.
into the lungs or thioglycollate into the peritoneum), the lavaged cells contained enhanced cell-associated TGF-β ( Figure 1 , a-f). Similarly, only small amounts of TGF-β1 were detected by ELISA in freshly harvested lavage fluid from resident lungs or peritonea, and these amounts were significantly increased after inflammatory lesions were induced (Figure 1g ).
TGF-β1 secretion after in vivo instillation of apoptotic cells into inflamed but not naive peritonea or lungs.
To examine the effect of the exposure of apoptotic cells to an inflamed lesion, apoptotic or viable Jurkat T cells and HBSS were injected in vivo into thioglycollate-stimulated peritonea (stimulated 3 days prior, i.e., at a point of maximal recruitment of macrophages). Analysis of peritoneal lavage fluids taken 4 hours later by ELISA showed a further increase in free TGF-β1 in mice injected with apoptotic Jurkat T cells beyond the high basal levels in mice injected with HBSS alone (Figure 2a ), while viable cell injection did not alter the TGF-β1 level from the base line. Forty million cells provided an estimated 1:3 macrophage/apoptotic cell ratio and resulted in more consistent induction of TGF-β1 than did lower numbers of cells (data not shown). At 4 hours, almost all apoptotic cells were cleared and apoptotic bodies were apparent in macrophages (Figure 2b ). Similarly, instillation of apoptotic cells, when compared with viable cells and HBSS, into lungs stimulated with LPS for 24-48 hours induced TGF-β1 release (obtained by bronchoalveolar lavage 2 hours after instillation) (Figure 2a ). Due to increased surface area and alveolar spaces, 20 million cells were chosen after a dose titration yielded consistent effects on TGF-β1 secretion, and histologic lung sections confirmed the presence of apoptotic cells in the alveolar spaces (data not shown). The increased TGF-β1 secretion induced by apoptotic cells correlated with uptake of these cells into macrophages as assessed by an increased phagocytic index (Figure 2b ). In contrast, lavages of noninflamed peritonea or lungs exhibited low levels of TGF-β1 that remained unchanged by exposure to apoptotic cells (data not shown). Macrophages from the lavage of thioglycollate-stimulated peritonea were isolated (after in vivo injection of apoptotic cells) and continued to secrete an enhanced amount of TGF-β1 at 18 and 36 hours in tissue culture (Figure 2c ).
Macrophages as a major source for the TGF-β1. Macrophages were the only cells that contained detectable preformed TGF-β1 in free cell suspensions of lavage fluids (Figure 1, a-f) . Furthermore, cultured nonmacrophages (i.e., nonadherent cells) secreted essentially no TGF-β1 into tissue culture media (data not shown). Thus, in this system, macrophages may be a major source of the TGF-β1 obtained by the lavage.
Release of preformed TGF-β and requirement for de novo protein synthesis. The increase in free TGF-β in the inflamed peritonea was seen within 30 minutes after the instillation of apoptotic cells and corresponded with a concomitant decrease in cell-associated protein (Figure 3, a-c) . In addition, having established that elicited macrophages were a major source of TGF-β1 in the peritoneal lavage, we used thioglycollate-elicited peritoneal macrophages (TPMφ's) to determine whether de novo protein synthesis was required. Cycloheximide (5 µg/ml) added 1 hour prior to addition of apoptotic Jurkat T cells completely inhibited the release 44 The of TGF-β1 into the medium (Figure 3d ), indicating that de novo protein synthesis is required. The data support a model in which apoptotic cells in vivo induce both the release of preformed TGF-β and its de novo synthesis and secretion. Active TGF-β1. Since the ELISA assay detects only active TGF-β1, the proportion of TGF-β1 that was activated in vivo was determined by directly measuring samples without preactivation (acid activation of samples to pH 2-3 will allow measurement of total TGF-β1 [latent + active]). Active TGF-β1 levels in peritoneal lavage fluids were increased after apoptotic cell instillation (Figure 4 ), indicating potential physiological importance for this TGF-β1 induction.
Requirement for specific apoptotic cell recognition in the induction of TGF-β. Because viable Jurkat T cells did not elicit the TGF-β1 response seen with apoptotic cells, the TGF-β1 induction is suggested to be specific for apoptotic cell clearance systems (Figure 2a) . However, because viable cells are inefficiently phagocytosed (32, 33) (Figure 2) , the specificity for apoptotic cell clearance versus any phagocytic mechanism needed to be further demonstrated. With this aim, apoptotic Jurkat T cells were opsonized with mouse anti-human CD45 IgG prior to in vivo instillation, to initiate interaction via Fcγ receptors rather than by apoptotic cell recognition systems. Although opsonized apoptotic cells were cleared as efficiently as apoptotic cells (Figure 2b) , opsonization completely abrogated the increased TGF-β1 induction by apoptotic cells in both thioglycollate-stimulated peritoneum and the LPS-stimulated lungs (Figure 2a) .
Requirement for surface PS in apoptotic cell induction of TGF-β1. We have recently suggested that exposed PS is crucial in the recognition and uptake of apoptotic cells and subsequent production of TGF-β1 (4). To examine this requirement in vivo, the human monomyelocyte cell line PLB-985 was employed since it has been shown to not express PS on the surface during ultravioletinduced apoptosis (31) . Buffer alone, viable or apoptotic PLB cells, and apoptotic Jurkat T cells were instilled into thioglycollate-stimulated peritonea. In contrast to apoptotic Jurkat T cells (which express surface PS), apoptotic PLB cells failed to induce TGF-β1 compared with controls (HBSS and viable cells) ( Figure  5b ) in spite of equal clearance (Figure 5a ). To further confirm that PS is crucial in the induction of TGF-β1, the phospholipid was deliberately introduced into the outer leaflet of the surface membrane of the apoptotic PLB cells by phospholipid transfer (31) . Apoptotic PLB cells expressing surface PS induced TGF-β1, while unmodified apoptotic PLB cells or apoptotic PLB cells treated with a control phospholipid, phosphatidylcholine (PC), did not (Figure 6a) . Finally, to demonstrate that PS and its recognition may be sufficient for TGF-β1 induction, PS liposomes, PC liposomes, and PBS alone were instilled into 48-hour-old LPS-treated . TGF-β1 secretion in both control and ApoJ-treated macrophages was markedly inhibited by preincubation with cycloheximide (5 µg/ml) for 1 hour. **P < 0.001, n ≥ 13, ± SD.
Figure 4
Active TGF-β1 in lavage fluids. Thioglycollate-stimulated peritonea were instilled with media alone (control), and viable or apoptotic Jurkat T cells. Lavage fluids obtained 1 hour later were assayed for TGF-β1 by ELISA without preactivation to determine active TGF-β1 levels. Apoptotic Jurkats significantly increased active TGF-β1 level compared with viable cells and control. *P < 0.05, n ≥ 12, ± SD.
lungs. PS liposomes, but not those containing only PC, induced TGF-β1 (Figure 6b), although not as dramatically as did intact cells.

Reduction of proinflammatory mediators after instillation of apoptotic cells.
In addition to TGF-β1, selected cytokines and chemokines were measured by ELISA after in vivo exposure to apoptotic cells. When thioglycollate-stimulated peritonea or LPS-stimulated lungs were lavaged 2-4 hours after instillation of viable or apoptotic Jurkat T cells, the cytokines and chemokines, TNF-α, MIP 2 , KC, MCP-1, or IL-10, were no different from those in lungs instilled with apoptotic or viable cells or HBSS alone (data not shown). By contrast, when examined 1, 3, and 5 days after cell instillation, significant suppression of proinflammatory mediators was seen at 24 hours. There was marked reduction in TNF-α, MIP 2 , and KC (Figure 7a ), but not MCP-1 or IL-10 (Figure 7b ), in the BALF of mice that were exposed to apoptotic cells compared with mice exposed to viable cells and buffer alone. The levels in all groups rapidly declined after 2 days, and the differences were not significant at later time points. Of note, IL-10 was minimally present and may even have been increased at day 5 (not significant).
Reduction in inflammatory cells after instillation of apoptotic cells. The BAL cell counts were also measured. Total cells were significantly reduced at 1, 3, and 5 days after instillation, in the mice given apoptotic Jurkat T cells compared with those given buffer alone or viable cells (Figure 8) . This reduction resulted from a marked decrease in neutrophils by days 1-3, followed by a decrease in lymphocytes from days 3-5, and finally by a decrease in macrophages at day 5 ( Figure 9 ).
Histological lung sections at days 1 and 3 also confirmed the BALF findings. H&E sections of lungs fixed with paraformaldehyde after lavage revealed significant reduction in parenchymal infiltrates and intra-alveolar cells in the lungs instilled with apoptotic Jurkat T cells compared with those instilled with buffer alone at day 1 ( Figure 10a ) and day 3 (Figure 10b) .
Resolution of inflammation is specific for apoptotic cell clearance and is mediated by TGF-β1.
To show that the resolution of inflammation is specific for apoptotic cell clearance systems, apoptotic cells were opsonized with anti-CD45 IgG1. Day 1 was chosen because it presented the largest difference in neutrophils counts. The reductions in BALF total and neutrophil counts were completely abrogated by opsonization (Figure 11) . Furthermore, to confirm that this increased resolution of inflammation was mediated by apoptotic cell induction of TGF-β1, goat anti-TGF-β1 neutralizing IgG was coinstilled with the apoptotic Jurkat T cells. The anti-TGF-β1 antibody completely reversed reduction in the total cell and neutrophil counts by apoptotic cells, while isotype control and anti-TGF-β1 antibody with buffer had no effect ( Figure  12 ). The observation suggested that the anti-inflammatory changes are specific for apoptotic cell clearance mechanism and are mediated by induction of TGF-β1.
Discussion
This study demonstrates that direct in vivo instillation of apoptotic cells into inflammatory lesions leads to accelerated resolution of inflammation, most likely mediated by increased production of TGF-β1. Based on previous observation of increased TGF-β1 and an associated decrease in proinflammatory mediator produc-
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The tion from macrophages when stimulated by in vitro uptake of apoptotic cells (16), we examined here the effects of in vivo apoptotic cell clearance on inflammation. Because of the difficulty in determining rates and degrees of endogenous apoptotic cell generation and removal during an acute inflammatory reaction, the response to deliberate addition of a bolus of new apoptotic cells was examined. While apoptotic neutrophils are likely the dominant cells being removed endogenously, this cell type was avoided because of the potential for introducing additional proinflammatory proteases (34), unaccounted sources of TGF-β1 (18, 20) , and exogenous neutrophils that would interfere with using neutrophils as a marker of inflammation. We thus used Jurkat T cells for this investigation, because they neither contain nor produce detectible TGF-β1. Furthermore, we initially focused on the early response to apoptotic cell instillation to allow comparisons between viable and apoptotic Jurkat T cells (i.e., before the viable cells themselves undergo apoptosis in the inflammatory environment). TGF-β1 was minimally produced in quiescent states but was significantly increased in inflammatory lesions, such as thioglycollate-stimulated peritonea and LPSstimulated lungs (Figure 1) . Here, we have demonstrated that in vivo clearance of apoptotic Jurkat T cells led to further induction of TGF-β1 from this already high basal level in inflammatory lesions (Figure 2a) . Active TGF-β was also increased (Figure 4) , suggesting potential physiological importance. The small amounts of active material consistently found in both our in vitro and our in vivo experiments concur with recent reports (35) (36) (37) and explain the careful regulation necessary for TGF-β's diverse effects. Furthermore, because TGF-β1 is activated at the cellular surface (24, 27, 38) and/or may be bound to matrix in the tissue, the soluble activity may underestimate the actual local activity levels. The mechanisms by which TGF-β is activated are beyond the scope of this project, but the inflammatory lesion itself is likely to provide numerous candidates for TGF-β activation, including a variety of proteases and oxidants (39) (40) (41) (42) , in addition to natural activators such as plasmin/thrombospondin/CD36 (43) (44) (45) or the α v β 6 integrin on pulmonary epithelial cells (46) .
The major source of the TGF-β1 among lavageable cells appeared to be the macrophages since only these both contained preformed TGF-β1 and continued to secrete TGF-β1 when isolated and cultured in vitro. Microscopic evidence of apoptotic bodies in the macrophages supports the concept that these scavengers are triggered to secrete TGF-β1 by apoptotic cell ingestion. It seems likely that previous exposure to endogenous apoptotic cells or cell debris in the inflammatory lesion may have contributed to the high basal TGF-β1 level (Figure 1 ). The persistence in TGF-β1 induction by the macrophages also indicated that in
Figure 7
Cytokine and chemokine levels in BAL fluids from LPS-stimulated lungs detected by ELISA. One day after in vivo instillation of HBSS, viable Jurkat T cells, or apoptotic Jurkat T cells, apoptotic cells reduced TNF-α, MIP 2 , and KC levels (a), but not MCP-1 and IL-10 levels (b). *P < 0.05, n ≥ 25, ± SD. Levels continued to decline but no significant differences were found at days 3 and 5. vivo triggering by apoptotic cells was significant and sustained ( Figure 2c ). Finally, additional TGF-β1 contribution from tissue cells, particularly those in the epithelium, and ECM storage may not have been accounted for or accessed by the lavage fluids; these sources may have been affected either by direct interaction with apoptotic cells or by autocrine/paracrine induction of TGF-β1 (47) .
The immediate increase in TGF-β1 occurred within 30 minutes and appeared, in part, to result from release of preformed TGF-β from the cells (Figure 3, a-c) . Further induction of TGF-β1 was inhibited by cycloheximide in vitro, showing that de novo protein synthesis was also occurring (Figure 3d ). These results demonstrated an efficient biphasic response to apoptotic cells: an early, immediate release and later, sustained increased protein synthesis of TGF-β1.
Specificity for TGF-β1 induction for apoptotic cell recognition systems was suggested, since viable Jurkat T cells did not induce TGF-β1 when compared with apoptotic cells. Furthermore, in spite of comparable phagocytosis, opsonization of apoptotic Jurkats (to induce clearance via Fcγ receptor ligation) abrogated induction of TGF-β1 by the apoptotic cells (Figure 2) .
Since surface PS recognition and ligation by the PSR has been shown to be important in the uptake of apoptotic cells, the role of PS in the induction of TGF-β1 in vivo was examined. By use of a cell line that does not express surface PS during apoptosis, PLB-985, evidence was presented to support a role for specific PS recognition in the in vivo induction of TGF-β. Thus apoptotic PLB-985 cells were unable to initiate TGF-β generation ( Figure 5 ) unless their membranes were first reconstituted with PS (Figure 6a ). In addition, direct instillation of PS-containing liposomes was able to stimulate production of TGF-β1, although not as effectively as whole apoptotic cells. Optimal engagement of the PSR by PS-expressing apoptotic cells seems to require a second tethering ligand (48) that would not be present on the PS liposome. This may explain the relatively less effective stimulation seen with the isolated PS liposome latter in vivo ( Figure 6b ) and in vitro (data not shown). These results indicate that PS, and by inference PS receptors, play a critical role in the anti-inflammatory responses to apoptotic cells and may also participate in normal resolution of inflammation.
The TGF-β1 production in response to inflammatory insult concurred with published reports of in vitro and in vivo research (18, 49, 50) , but its role is controversial. Classically, TGF-β1 is thought to be an important anti-inflammatory mediator, in that TGF-β1-null mice (51) and mice deficient in various TGF-β1 receptors and activators (46) exhibit persistent inflammation. Recent data (52, 53) , however, suggest that TGF-β1 inhibition, using integrin β6-null mice and a TGF-β receptor chimera, protects from the inflammation seen in acute lung injury. Hence, we sought to clarify the effects of apoptotic cell clearance, and the subsequent production of TGF-β1 and inflammatory mediated products.
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The Critically, in vivo instillation and clearance of apoptotic cells into LPS-induced pneumonitis resulted in a marked reduction in intra-alveolar total cell counts (Figure 8 ). An early reduction in intra-alveolar neutrophils was responsible for this decrease at days 1-3 after instillation ( Figure 9 ). Interestingly, the later reduction in lymphocytes and macrophages suggests that apoptotic cell clearance may exhibit a general suppression of inflammation, perhaps as a consequence of reducing the earlier granulocyte accumulation. The increased resolution of inflammation was also confirmed by lung histology showing improved interstitial inflammatory changes after clearance of apoptotic cells (Figure 10 ).
Finally, evidence was provided that the resolution of inflammation was specific for apoptotic cell clearance and mediated by TGF-β1. In contrast to apoptotic cells, viable cells did not result in a significant antiinflammatory effect. In addition, at the time point when reductions in cell counts and neutrophils were most impressive (day 1), the anti-inflammatory effect of apoptotic cells was prevented by opsonization with anti-CD45 to initiate Fcγ receptor-mediated cell uptake ( Figure 11) . Similarly, coinstillation of neutralizing anti-TGF-β1 antibodies (Figure 12 ) also reversed the anti-inflammatory effect, while control Ig was ineffective. An alternative explanation that immune complexes between TGF-β and its antibody actively overcame the inhibition seems unlikely based on low concentrations (in absolute terms) and previous studies on TGF-β1 effects in vitro (4, 16, 17) . These findings emphasize that clearance of apoptotic cells within an inflammatory lesion may be crucial in the resolution of inflammation, not only because of preventative housekeeping, but also due to an active antiinflammatory mechanism, mediated by PSR ligation and subsequent TGF-β1 induction.
The apoptotic cell instillation reduced the lavageable levels of TNF-α, MIP 2 , and KC, in keeping with this anti-inflammatory effect. Interestingly, MCP-1 levels were not reduced. A similar finding was made in vitro (16, 17) and attributed to a predominance of activator protein-1 (rather than NF-κB) in the transcription of MCP-1. IL-10 production in response to apoptotic cells has been reported (54) , especially in the presence of serum factors (31) . Its levels did not alter in these studies, but its presence could also contribute to increased resolution of inflammation.
In conclusion, clearance of apoptotic cells, by selective induction of TGF-β, appears to tip the balance toward an active anti-inflammatory state and, thereby, may promote resolution of inflammation. It also seems likely that it is not only intact apoptotic cells that can induce the anti-inflammatory response, since membrane fragments that express PS on their surface may have a similar effect, a concept supported in this study by the effect of direct instillation of PS-containing liposomes. The mechanism of the increased resolution of inflammation is currently under active investigation but is likely caused by the reduction of chemokines and cytokines. The longer-term effects of TGF-β production, in response to apoptotic cells during resolution of inflammation, are contributions to wound healing and fibrosis. Thus, a likely role for persistent apoptotic cell recognition and clearance in fibrotic alterations needs to be investigated. On the other hand, since most inflammatory lesions do not progress to fibrosis, it seems likely that, here too, it is an imbalance of homeostatic regulation of cell clearance and TGF-β amounts and effects that determines final outcomes.
Figure 11
Opsonization reversed the anti-inflammatory effect of apoptotic cell clearance. Apoptotic Jurkat T cells were opsonized with mouse anti-human CD45 IgG prior to instillation into LPS-stimulated lungs. Opsonization completely reversed the reduction in BALF total cell (a) and neutrophil (b) counts seen one day after apoptotic cell clearance. *P < 0.05, n ≥ 15, ± SD.
Figure 12
Anti-TGF-β1 antibody abrogated the anti-inflammatory effect of apoptotic cell clearance. Goat anti-TGF-β1 neutralizing IgG (anti-TGF-β1 Ab) or normal goat IgG (Isotype Ab) were coinstilled with media alone (control) or apoptotic Jurkat T cells (ApoJ) into LPS-stimulated lungs. Day 1 BALF showed that the reduction in total cell counts (a) and neutrophils (b) by the ApoJ was completely reversed by opsonization and anti-TGF-β1 Ab but not isotype control. Coinstillation of anti-TGF-β1 Ab into the control group had no significant effect. *P < 0.05, **P < 0.05, n ≥ 20, ± SD.
